Introduction {#S0001}
============

Developmental dysplasia of the hip (DDH) describes a whole range of abnormalities involving the developing hip including subluxation or irreducible dislocation, instability, and dysplasia of femur and acetabulum.[@CIT0001]--[@CIT0003] DDH is a recognized cause of secondary arthritis which could result in eventual total hip arthroplasty (THA) to alleviate pain and improve function.[@CIT0002],[@CIT0004],[@CIT0005]

Many classification systems have been proposed to characterize DDH in adults.[@CIT0006]--[@CIT0008] The Crowe classification system is recommended in most published literatures,[@CIT0004],[@CIT0009]-[@CIT0011] because it could be suggestive and instructive for surgery. In Crowe type IV DDH, two kinds of dysplasia are commonly observed: one with no false acetabulum and the other with a false acetabulum.[@CIT0012] In our institute, Zhou et al. classified these two kinds of Crowe type IV DDH as type IVA and type IVB hips.[@CIT0003] The presence of a false acetabulum is an important factor determining shortening subtrochanteric osteotomy (SSTO) application in THA for Crowe type IV DDH.[@CIT0003],[@CIT0009] The presence and absence of a false acetabulum in Crowe type IV DDH are associated with different stress patterns and different soft tissue conditions around the hip, which lead to various morphologic abnormalities with type IV DDH.[@CIT0003],[@CIT0012] An understanding of femoral proximal medullary morphologic abnormalities will aid the surgeon in preparing for the femoral implants and the complexity of the DDH.[@CIT0013]

There have been few earlier studies of the morphology of dysplastic femur in type IV DDH. A straight, narrow medullary canal and excessive high neck-shaft angles are very common.[@CIT0012]--[@CIT0015] Xu et al.[@CIT0012] had reported the femoral proximal medullary morphologic abnormalities in the presence and absence of a false acetabulum of high DDH according to the classification system of Hartofilakidis et al.[@CIT0006],[@CIT0008] However, their study did not compare the normal control hip.

We investigated whether adults patients with unilateral Crowe type IV DDH have morphologic differences between proximal femurs in type IVA, type IVB and the contralateral normal hip (CNH) on plain radiographs. The hypothesis was that the false acetabular would stimulate the development of proximal femur in Crowe type IV DDH.

Patients and Methods {#S0002}
====================

We retrospectively reviewed the anteroposterior (AP) radiographic data of all patients with unilateral Crowe type IV DDH, who were admitted to our hospital for THA between September 2009 and July 2019. The contralateral hip of each patient was normal (the Shenton line was intact, the center-edge angle of Wiberg and acetabular index were normal or nearly normal, and there was no hip osteoarthritis).[@CIT0016] After excluding 31 patients for the following reasons: 11 for prior hip surgery, eight with a dysplasia attributable to infection and trauma, 12 for incomplete radiographs, a total of 65 patients with unilateral Crowe type IV DDH were investigated and divided into two groups based on the Crowe and Zhou classifications:[@CIT0003],[@CIT0007] 38 type IVA patients and 30 type IVB patients ([Figure 1](#F0001){ref-type="fig"} and [Table 1](#T0001){ref-type="table"}). Ethical approval was obtained from the review board in our hospital.Table 1Patient DemographicsCharacteristicsType IVA (*n*= 30)Type IVB (*n*= 35)*P* valueGender (F/M)28/234/10.466Age (years)38.2 ± 12.939.1 ± 10.260.567Height (cm)159.2 ± 6.9157.7 ± 6.90.682Weight (kg)57.4 ± 9.756.5 ± 11.50.745BMI22.6 ± 2.922.7 ± 3.90.969Side (R/L)18/1214/210.108[^2] Figure 1(**A**) A unilateral Crowe type IV DDH (right side) with no false acetabulum on AP radiograph (type IVA). (**B**) A unilateral Crowe type IV DDH (right side) with a false acetabulum on AP radiograph (type IVB).**Abbreviation:** CLT, the center of the lesser trochanter.

Radiographic Measurement {#S0002-S2001}
------------------------

All radiographs were performed in the supine position. The quality of radiographs was checked to ensure bilateral obturator foramens were the same size, the tip of each coccyx was approximately 4 cm above the upper level of the pubic symphysis, and the lesser trochanter could been seen.[@CIT0012]

The following parameters were measured for each femur: The widths of medullary canals were measured at 20 mm above the center of the lesser trochanter (CLT), 20 mm below the CLT and the isthmus on the AP and lateral radiographs.[@CIT0017],[@CIT0018] The other parameters were also measured on the AP radiographs: height of the center of femoral head, which was defined as the vertical distance from the center of femoral head to the level of the inter-teardrop line; medial offset of femoral head, which was defined as the perpendicular distance from the center of the femoral head to the femoral medullary axis;[@CIT0015] and neck-shaft angle. Canal flare index (CFI) was calculated as the ratio between the widths of the medullary canal at the level of the 20 mm above the CLT and the isthmus on the AP radiographs.[@CIT0019] Metaphyseal canal flare index (MCFI) was calculated as the ratio between the widths of the medullary canal at the levels of 20 mm above and 20 mm below the CLT.[@CIT0020] Diaphyseal canal flare index (DCFI) was calculated as the ratio between the widths of the medullary canal at the level of the 20 mm below the CLT and the isthmus.[@CIT0021]

Two independent investigators (YQD and JYS), who were familiar with digital measurement, performed the radiographic measurements. All of the measurements were repeated four weeks later to assess the intra-observer reliability. These intraclass correlation coefficients (ICCs) for inter-observer (0.82 to 0.91) and intra-observer (0.81 to 0.88) reliability indicated high reproducibility.

Statistical Analysis {#S0002-S2002}
--------------------

Categorical data were compared using a chi-squared test. The paired samples *t*-test or Wilcoxon test was used to compare continuous data between the DDH and CNH. The independent-samples *t*-test or Mann--Whitney *U*-test was used to compare continuous data between the type IVA and type IVB groups. All tests were performed using SPSS version 26 (IBM Corp., Armonk, NY). A *p*-value \< 0.05 was considered significant in all analysis.

Results {#S0003}
=======

The widths of medullary canals of femur at 20 mm above the center of the lesser trochanter (CLT), 20 mm below the CLT and the isthmus on the AP and lateral radiographs are see in [Tables 2](#T0002){ref-type="table"} and [3](#T0003){ref-type="table"}. The femoral proximal medullary canal of type IVA and type IVB DDH was narrower compared with that of the CNH. The femoral medullary canal of type IVA was stovepipe-shaped and those of type IVB DDH and CNH were normal, as indicated by the values of CFI (type IVA: DDH: 2.8 and CNH: 4.4, *p* \< 0.001; type IVB: DDH: 3.9 and CNH: 4.6, *p* \< 0.001). There was also a significant difference in CFI between the type IVA and IVB DDHs (*p* \< 0.001). The MCFIs of DDH and CNH in type IVA group were 2.2 and 2.3, respectively (*p* = 0.032), and those in type IVB group were 2.4 and 2.4, respectively (*p* = 0.242). There was no significant difference in MCFI between the type IVA and IVB DDHs (*p* = 0.065). The DCFIs of DDH and CNH in type IVA group were 1.3 and 1.9, respectively (*p* \< 0.001), and those in type IVB group were 1.7 and 1.9, respectively (*p* = 0.002). There was also a significant difference in DCFI between the type IVA and IVB DDHs (*p* \< 0.001) ([Table 4](#T0004){ref-type="table"}).Table 2The Widths of Medullary Canals of Femur on the AP RadiographsParameterType IVAType IVB*p*\*DDHCNH*p*DDHCNH*p*CLT + 20 mm26.3 ± 3.041.9 ± 5.1\<0.00136.9 ± 5.941.2 ± 3.6\<0.001\<0.001CLT -- 20 mm12.6 ± 3.118.2 ± 3.5\<0.00116.0 ± 3.517.1 ± 2.20.023\<0.001Isthmus9.8 ± 1.99.9 ± 1.90.7689.8 ± 2.09.3 ± 1.80.0540.959[^3] Table 3The Widths of Medullary Canals of Femur on the Lateral RadiographsParameterType IVAType IVB*p*\*DDHCNH*p*DDHCNH*p*CLT + 20 mm29.01 ± 3.8533.26 ± 4.64\<0.00133.68 ± 4.0934.63 ± 4.240.251\<0.001CLT -- 20 mm15.13 ± 2.9318.71 ± 3.27\<0.00118.52 ± 3.7219.28 ± 2.840.139\<0.001Isthmus13.30 ± 3.2911.70 ± 2.99\<0.00112.85 ± 2.6012.31 ± 2.740.2350.542[^4] Table 4Parameters of Femur on the AP RadiographsParameterType IVAType IVB*p*\*DDHCNH*p*DDHCNH*p*CFI2.8 ± 0.64.4 ± 1.0\<0.0013.9 ± 0.94.6 ± 1.0\<0.001\<0.001MCFI2.2 ± 0.62.3 ± 0.40.0322.4 ± 0.42.4 ± 0.30.2420.065DCFI1.3 ± 0.21.9 ± 0.3\<0.0011.7 ± 0.31.9 ± 0.30.002\<0.001Height of the center of the femoral head (mm)75.3 ± 11.718.1 ± 3.5\<0.00159.9 ± 10.717.7 ± 3.3\<0.001\<0.001Medial offset of the femoral head (mm)28.3 ± 9.139.9 ± 7.8\<0.00130.9 ± 6.539.2 ± 7.4\<0.0010.190Neck-shaft angle (degrees)127.2 ± 11.2128.4 ± 5.20.598132.6 ± 7.4128.6 ± 6.00.0170.023[^5]

The height of the center of the femoral head was significantly higher in type IVA DDH (75.3 mm) compared with the IVB DDH (59.9 mm) (*p* \< 0.001). The medial offset of the femoral head of DDH and CNH in type IVA group were 28.3 mm and 39.9 mm, respectively (*p* \< 0.001), and those in type IVB group were 30.9 mm and 39.2 mm, respectively (*p* \< 0.001). There was no significant difference in the medial offset of femoral head between the type IVA and IVB DDHs (*p* = 0.190). The neck-shaft angle of DDH and CNH in type IVA group were 127.2 and 128.4, respectively (*p* = 0.598), and those in type IVB group were 132.6 and 128.6, respectively (*p* = 0.017). There was also a significant difference in neck-shaft angle between the type IVA and IVB DDHs (*p* = 0.023).

Discussion {#S0004}
==========

The study hypothesis was confirmed: The false acetabulum stimulated the development of the proximal femur in Crowe type IV DDH. Although THA is often the only definitive way of restoring the normal biomechanics of the Crowe type IV DDH, these procedures are often challenging, primarily because of the associated bone deformities of the femur and acetabulum. Typically, the dysplastic femur has also been shown to have a straighter, stovepipe-shaped canal and the neck-shaft angle is more valgus than that of the normal femur.[@CIT0015] Because of the difficulties of inserting conventional femoral prostheses into canals of distorted shape and version, THA are associated with an increased prevalence of intraoperative complications, most notably cortical fracture.[@CIT0022]

Secondary osteoarthritis of Crowe type IV DDH are very common, resulting in the presence of a false acetabulum, which is classified as type IVB DDH. The absence of a false acetabulum without osteoarthritis is classified as type IVA DDH.[@CIT0003],[@CIT0009],[@CIT0012] In Crowe type IVB DDH, the load of the pelvis is transmitted to the femur through the false acetabulum, which stimulates the development of the proximal femur. However, Crowe type IVA DDH may carry similar weight during walking with soft tissue connections, without direct bone to bone contact. Morphological studies in patients with the two subtypes of Crowe type IV DDH who are due to undergo THA are very important to reduce complications.

We found in our study that there was a significant difference of CFI and DCFI between DDH and CNH in the two subtypes. In type IVA patients, there was a significant difference of MCFI between DDH and CNH. However, there was no significant difference of MCFI in type IVB patients. This revealed two important facts. The first is that the stovepipe-shaped femoral medullary canal is the most common in type IVA DDH. The second is that the variation of the femoral proximal medullary canal in type IVA DDH mainly occurred at the metaphyseal and proximal diaphyseal levels, and that in type IVB DDH mainly occurred in proximal diaphyseal level. Thus, the CFI, MCFI and DCFI in type IVA DDH were significantly smaller than those of type IVB DDH and CNH, which indicated that the shape of the femoral proximal medullary canal in type IVA DDH was similar to that of a chimney. The shape of the femoral proximal medullary canal in type IVB DDH was similar to that of CNH. Xu et al.[@CIT0012] compared the femurs in type C1 and type C2 DDH according to the classification system of Hartofilakidis et al.[@CIT0006],[@CIT0008] and found that for the distal part of proximal femur, the canal width was the same in types C1 and C2 hips, whereas in the metaphyseal region, the canals were much narrower in type C2 hips than type C1 hips. Our study also revealed the same results. Liu et al.[@CIT0021] revealed the narrowing is the most severe in Crowe IV group and the narrowing mainly occurred at the metaphyseal and proximal diaphyseal levels (the segment around the lesser trochanter).

We found the height of the center of the femoral head was more superior in type IVA DDH than that in type IVB DDH. The medial offset of the femoral head was shorter in type IVA DDH and type IVB DDH than in the CNH. Noble et al.[@CIT0022] reported the same results and revealed that the offset of Crowe IV DDH patients was significantly smaller than those from the normal hips. Liu et al.[@CIT0021] regarded the offset as an importantly extramedullary parameter of the proximal femur. Deficiency of the offset would weaken the power of the hip abductor and lead to poorer gait in Crowe IVA DDH patients. The neck-shaft angle is an influence factor of the offset and a very important extramedullary parameter of the proximal femur. It is commonly believed that the neck-shaft angle of DDH was larger than those of CNH.[@CIT0021],[@CIT0023] On the contrary, our study revealed that this parameter did not differ significantly between the DDH and CNH in the Crowe IVA patients; moreover, it was interesting to note that the neck-shaft angle of the Crowe IVB DDH was significantly larger than that of the CNH. Through analysis of the values of the medial offset of femoral head and the neck-shaft angle, we also found that the neck length of the DDH may be shorter as compared to that of the CNH. Liu et al.[@CIT0021] and Sugano et al.[@CIT0015] also reported the value of the neck length of the Crowe IV DDH was the shortest than those of the normal hip and Crowe I--III DDH. The rotational deformity of the dysplastic proximal femur is an important factor resulting in the increase of the anteversion. Noble et al. found that the primary deformity of the dysplastic femur is rotation, with an increase in anteversion of 5 to 16 degrees, depending on the degree of subluxation of the hip.[@CIT0022] They also thought the rotation arises within the diaphysis between the lesser trochanter and the isthmus and is not attributable to a deformity of the metaphysis.[@CIT0022]

An understanding of these intra- and extramedullary challenges would help the surgeon in determining the optimal femoral stem choice in DDH patients. Standard cementless stem designs were suitable to treat patients with secondary osteoarthritis due to mild DDH.[@CIT0023] Noble et al. recommended the use of modular or specially designed components to accommodate the shape of the dysplastic canal.[@CIT0022] In order to address these challenges, a primary modular stem, such as S-ROM femoral components (DePuy, Warsaw, IN, USA), may aid in correction and restoration of appropriate hip mechanics.[@CIT0013] The modular stems can essentially decouple the metaphyseal or diaphyseal fit from the version of the stem.[@CIT0013] In our institution, an S-ROM sleeve was widely used to match the shape of the metaphyseal medullary canal and adjust the excessive anteversion. Then an S-ROM stem was implanted to match the straight and narrow diaphyseal canal. Although the femoral proximal medullary canal of type IVB DDH was closer to the normal, the S-ROM femoral component was still recommended because of the excessive anteversion and anteroposterior diameter of the femoral proximal medullary canal. Wang et al.[@CIT0004] reported the satisfactory mid-term results of THA with S-ROM femoral components in Crowe IV DDH in our institution.

In our institution, the capsule was removed to expose the true acetabulum during surgery. In order to use a ceramic-on-ceramic bearing, the shell (size range 44--46 mm) was implanted at the level of the true acetabulum by reaming the acetabulum posteriorly and inferiorly.[@CIT0024] Gluteus minimus and gluteal sling release and iliopsoas tenotomy was performed. If hip reduction with a femoral trial stem was impossible, an SSTO would be performed for femoral shortening. The position of osteotomy was located at the distal end of sleeve.[@CIT0025] The osteotomy length equaled the distance between the true acetabular center and femoral head center during the trial reduction minus 15 mm. In this study, an SSTO was expected to be performed (29 hips in 30 hips, 96.7%) in type IVA DDH. And in type IVB DDH, an SSTO was not expected to be performed (29 hips in 35 hips, 82.9%). A false acetabulum may be an important factor determining SSTO preformation in THA for Crowe type IVA DDH.

Some limitations of this study have already been discussed. First, all measures were based on plain radiographs not the CT and three-dimensional computer reconstruction models. Second, the authors studied the differences between the Crowe type IV DDH and the CNH. However, we do not know the difference between the CNH of unilateral Crowe type IV DDH patients and that of the healthy person without DDH. The CFI of the healthy person was described in many studies, and CFI in the CNH of unilateral Crowe type IV DDH could be compared with that of normal people of the healthy person without DDH to reduce the limitations.

Conclusions {#S0005}
===========

The false acetabulum stimulated the development of the proximal femur in Crowe type IV DDH. The variation of the femoral proximal medullary canal in type IVA DDH mainly occurred at the metaphyseal and proximal diaphyseal levels, and that in type IVB DDH mainly occurred at the proximal diaphyseal level. An understanding of these morphologic challenges would help the surgeon in determining the optimal femoral stem and SSTO choice in DDH patients.
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